The authors report on the thermal activation of phosphorus doped p-type ZnO thin films grown by radio frequency magnetron sputtering. The p-type ZnO was produced by activating phosphorus doped ZnO thin films in N 2 , Ar, or O 2 ambients. The hole concentration of the p-type ZnO, prepared in an O 2 ambient, showed a lower hole concentration compared to samples annealed in N 2 and Ar ambients. The activation energies of the phosphorus dopant in the p-type ZnO under different ambient gases indicate that phosphorus atoms replace oxygen atoms in the ZnO to form P O which acts as an acceptor. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2430937͔
Wide band gap optoelectronic studies, based on ZnO, have been stimulated by the necessity for producing blue and ultraviolet solid-state light emitters and detectors. ZnO-based optical devices are expected to be highly efficient and practical due to the large exciton binding energy of 60 meV, their amenability to wet chemical etching, the availability of high quality ZnO substrates, and the high radiation hardness. 3,4 However, it is very difficult to produce p-type ZnO which is essential for realizing ZnO based devices. The difficulties can arise from a variety of reasons. The holes may be compensated by n-type native defects, such as Zn i ͑zinc interstitial͒, V O ͑oxygen vacancy͒, or background impurities such as hydrogen ͑H͒.
5 The low solubility of the dopant such as nitrogen in the ZnO is also another reason. 6 Several groups have proposed the use of nitrogen, arsenic, or phosphorus as a p-type dopant. [7] [8] [9] [10] However, the choice of p-type dopant and growth technique remain controversial and the reliability of p-type ZnO and the doping mechanism are still a subject of debate. We recently reported that a phosphorus doped ZnO film grown by radio-frequency ͑rf͒ sputtering using P 2 O 5 as a phosphorus source can be converted into p-type ZnO by postthermal annealing at a temperature above 800°C in a N 2 ambient. 10 We further reported on the fabrication and properties of a ZnO LED by growing a phosphorus doped p-type ZnO on the n-type GaN layer or on n-type ZnO. 11, 12 It has been reported that the ZnO films show p-type conductivity under O 2 rich growth conditions due to a decrease in native defects, which act as compensation centers in ZnO films. 13, 14 However, the effect of ambient gas and annealing temperature on the hole concentration in the p-type ZnO is not well understood. In this study, we show that the hole concentration in the p-type ZnO is strongly dependent on annealing temperature and ambient gas used during the postannealing of phosphorus doped ZnO.
Semi-insulating undoped ZnO films with a thickness of 1 m were grown on c-plane sapphire ͑␣-Al 2 O 3 ͒ substrates as a buffer layer by rf magnetron sputtering. Phosphorus doped ZnO thin films were then grown on the undoped ZnO buffer layer at a substrate temperature of 500°C using a ZnO target mixed with 0.01 wt % P 2 O 5 . Hall effect measurements were carried out on a ZnO sample with a size of 5 ϫ 5 mm 2 in the van der Pauw configuration using a direct current of 0.2 A and a magnetic field of 320 G in a Hall measurement system ͑BIO-RAD HL5500PC͒. In-Zn metal alloy was used as the contact material for the Hall effect measurements and the contact alloy on the phosphorus doped ZnO sample was annealed in a furnace for 1 min in an Ar ambient. Photoluminescence ͑PL͒ spectra of p-type ZnO thin films were obtained at 10 K using a He-Cd laser ͑ = 325 nm͒ with an excitation laser power density of 30 mW/ cm 2 . Atomic force microscope measurement of p-type ZnO showed that the root mean square surface roughness of p-type ZnO annealed in N 2 , Ar, and O 2 ambients were 8.3, 7.7, and 17.8 Å, respectively. This shows that the oxygen annealing ambient leads to a poor surface morphology while a N 2 and Ar annealing ambients produce a relatively smooth surface morphology for the p-type ZnO. ents. The inset in Fig. 1 shows a detailed PL spectrum of p-type ZnO annealed under an O 2 ambient. All of the PL spectra of p-type ZnO show PL emission peaks around 3.35 ͑A 0 X, acceptor bound exciton͒, 3.32 ͑free electron acceptor emission͒ and 3.24 eV ͑donor acceptor pair recombination͒. 15 The emission lines at 3.35, 3.32, 3.24 eV were found to be phosphorus-related peaks and the acceptor energy level of phosphorus dopant was estimated to be 127 meV above the valence band. 15 The PL peak and intensity of p-type ZnO films activated in an O 2 ambient are broad and weak compared to those of p-type ZnO films activated in a N 2 or Ar ambient, presumably due to the low hole concentration and the phosphorous oxides which act as nonradiative emission centers. 16 Figure 2 shows the room temperature hole concentration in p-type ZnO films as a function of annealing temperature, which were annealed in N 2 , Ar, and O 2 ambients. The phosphorus doped ZnO fims showed semi-insulating properties at a low annealing temperature under 700°C. As shown in Fig.  2͑a͒ , however, the hole concentration of the p-type ZnO films increased with increasing annealing temperature from 700 to 900°C for all of the annealing gas ambients. The p-type conductivity of phosphorus-doped ZnO films were converted to n-type at a high annealing temperature above 900°C. Figure 2͑b͒ shows a plot of hole mobility against annealing temperature for N 2 , Ar, and O 2 ambient gases, showing that the hole mobility decreases with increasing hole concentration due to carrier scattering. Figure 2͑a͒ shows that the activation energy of the phosphorus dopant in region I ͑below 800°C͒ is different from that in region II ͑above 800°C͒ for N 2 and Ar ambient gases. The activation energies ͑E A ͒ were estimated from Arrhenius plots of hole concentration versus reciprocal temperature for regions I and II, as shown in Figs. 3͑a͒-3͑c͒ 10 which can act as acceptors, resulting in an increase in hole concentration. The activation energies of the phosphorus dopant in region II were estimated to be 5.53± 0.57 eV for N 2 and 5.69± 0.49 eV for Ar ambient gas, as shown in Figs. 3͑a͒ and 3͑b͒ , respectively. These values are close to the P-O bond strength of 599 kJ/ mol ͑6.21 eV/molecule͒. 16 This result indicates that the dissociation of the P 2 O 5 dopant source is the main source for the production of P atoms in the activation region II and more holes are produced in region II than in region I.
In the case of the annealing of ZnO in an O 2 ambient, the variation in defects with oxygen pressure can be expressed as follows:
Here O O is the oxygen on the lattice place, ͓V O ͔, ͓Zn i ͔, and ͓V Zn ͔ are the concentration of V O ͑oxygen vacancy͒, Zn i ͑interstitial zinc͒, and V Zn ͑zinc vacancy͒, respectively. p O 2 denotes the partial pressure of oxygen during the annealing. Equations ͑1͒-͑3͒ indicate that the concentration of V O and Zn i decrease and V Zn increases with increasing oxygen pressure p O 2 . Equation ͑3͒ shows that V Zn , which acts as the native acceptor, becomes the dominant native defect under high oxygen pressure, while V O and Zn i which have the lowest formation energy and act as the native donor become dominant under low oxygen pressure. 21, 22 In the case of O 2 ambient gas, the activation energy of the phosphorus dopant was estimated to be 2.05± 0.20 eV, as shown in Fig. 3͑c͒ . This value is slightly larger than those of region I obtained for N 2 and Ar ambients, as shown in Figs. 3͑a͒ and 3͑b͒, but it is still close to the Zn-O bond strength. This indicates that the dissociation of Zn-O is the rate-limiting step in the activation of the phosphorus dopant in the activation regions I and II in an O 2 ambient. Figure 2 also shows that the hole concentration in the p-type ZnO annealed in an O 2 ambient is lower than those annealed in N 2 and Ar ambients. This indicates that the dissociation of Zn-O and P-O, which contribute to the formation of acceptors, is not favorable in an O 2 ambient, resulting in a decrease in hole concentration compared to in the N 2 and Ar ambients, as shown in Fig. 2 . The data in Fig. 2 provide further information on the nature of p-type conductivity in phosphorus doped ZnO films. If P atoms replace the Zn atoms instead of O atoms in the ZnO film during the thermal activation process, more Zn atoms would be replaced by P atoms in the O 2 ambient to form a complex such as P Zn +2V Zn which acts as an acceptor 18, 19 because Zn vacancies are easily formed in an O 2 ambient, as described in Eq. ͑3͒. If this mechanism is valid for p-type conductivity, the hole concentration of p-type ZnO annealed in an O 2 ambient should be higher than those of samples annealed in N 2 and Ar ambients. However, the hole concentration of p-type ZnO annealed in an O 2 ambient is much lower compared to p-type ZnO annealed in N 2 and Ar ambients, as shown in Fig. 2 . This indicates that P atoms replace O atoms to produce acceptors in the phosphorus doped p-type ZnO by a thermal activation process.
In summary, hole concentration was increased with an increase in activation temperature in N 2 , Ar, and O 2 ambient gases. The hole concentration in p-type ZnO annealed in N 2 and Ar ambients was higher than that annealed in an O 2 ambient. The activation energies of p-type ZnO corresponded to the dissociation energies of Zn-O and P-O bonds, depending on the annealing temperature used. These results indicated the P atoms replace the O atoms to form P O rather than to form P Zn +2V Zn to act as acceptors. 
